One thick filament-wound composite in the form of a large thick-walled cylinder with locally orthorhombic symmetry has been measured by ultrasonic velocity to calculate its elastic moduli. The basic assumption was that small sections of the composite could be treated as a homogeneous body analogous to a crystal for ultrasonic propagation. The experimental work and the results as best expressing homogeneous body theory are presented. Because of the high anisotropy with the normal to the layers (the three-direction) much different from the axial and hoop directions, it was necessary to calculate slowness surfaces with approximate values of c 13 and c 23 in order to find the directions of the Poynting vectors to use in making actual measurements on c 12 and c 13 . The elastic moduli of a thick composite as measured by ultrasonic bulk wave pulse velocity 
INTRODUCTION
Thick composites are in use in critical applications and are proposed for still others. It is important to measure the elastic moduli of thick composites for two reasons: ( 1 ) design data on stiffness and (2) prediction of feasible wave paths for ultrasonic waves for NDE. Previously, only relatively thin composites of relatively simple symmetries have been measured for their elastic moduli.
•-5 Now, it is becoming necessary to measure thick composites of feasible engineering layups. These often provide the complexity of orthorhombic symmetry locally in a specimen combined with curvature in the gross structure. In this work, specimens cut from thick structures will be treated in the same way as crystals to measure the elastic moduli by means of ultrasonic wave velocities. Results on one structure will be presented. C13  C14  C15  C16   C21  C22  C23  C24  C25  C26   C31  C32  C33  C34  C35  C36   C41  C42  C43  C44  C45  C46   C5!  C52  C53  C54  C55  C56 .C61 C62 C63 C64 C65 C66 =
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where the coefficients are the elastic moduli of the material.
An ultrasonic wave propagating in the solid is governed by the following equations of motion:
where u, v, and w are, respectively, the displacement components in z-, y-, and x direction. The quantity p is the density of the material.
These equations can be specialized to the orthorhombic symmetry expected from the winding directions of --33 ø, + 33 ø, and 90 ø relative to the cylinder axis in the thick composites, by noting that the nine elastic moduli c•, c22, c33, C44 , C55 , C66 , C12 , C13 , and c23 will be nonzero and should have unique values. Using the coordinate system specified in Table I for transducer positioning and particle motion to define v• through 09.
II. EXPERIMENTAL

A. Approach
The approach is to use ultrasonic wave velocities in different directions, combined with density, to measure the elastic moduli. The approach assumes that the composite can be treated analogously to a single crystal of the same point-group symmetry. This symmetry will be determined by the winding angles of the fibers. As the parts of interest are to be cylinders, the approach also assumes that the radius of curvature of the cylinders is much larger than the wall thickness of the cylinders. This is necessary for the definition of the axes with respect to which the elastic moduli are defined. The axes must experience only infinitesimal curvature within a body of dimensions of the order of magnitude of the thickness of the cylinder wall. An analogous approach was used in pyrolytic graphite, an oriented, grown polycrystalline structure. 8
B. Specimens
Slabs of a thick filament-wound composite from NASA experimental rocket case sections were procured from Her- 
cules 9 and cut into ultrasonic specimens. Axes were defined as "1" along the rocket axis, "2" along the hoop direction, and "3" through the thickness of the casing. The relationship of the axes to the geometry of the rocket case is given in Fig. 1 . The fiber winding directions with respect to these axes are -F 33 ø from the "1" direction and at 90 ø to the "1" direction, i.e., along the "2" direction. The layup is given in Table  II and is composed of fiber AS4 bonded with resin 55A, both made by Hercules. The result is orthorhombic symmetry for small specimens. Blocks as shown in Fig. 2 were cut from the large section supplied. In each block, the sides were cut such that the "3" axis at the center of the block lay along the casing thickness direction. Each block was marked (painted) with an arrow denoting the cylinder axis direction and with a letter of identification as shown in Fig. 2 . Blocks A and B are rectangular parallelepipeds and permit propagation from transducers on any face. Through-transmission measurements were made for longitudinal and shear waves. The configuration of transducers, specimens, propagation vectors k, and particle motion vectors A is shown in Fig.  3 . These apply generically to all specimens. In specimens C-F, the transducers were to be placed on the face with stippled shading (shown in Fig. 2 ) and on the opposite parallel face. These faces are at 45 ø to the 3 axis and are generated by rotation about the 1 axis (for E), the 2 axis (for D), and about axes at 45 ø in the 1-2 plane for C and F. These cuts provide convenient specimens for ultrasonic propagation and convenient geometries for use in writing theoretical expressions linking the velocities and the moduli. The normals to the appropriate faces define the propagation vectors k. One specimen with rotated faces is shown in Fig. 4 to fix ideas. There, Block E is shown in orthogonal projections. In the actual experiments, one transducer was spaced away from the specimens by a glass block as described below.
C. Ultrasonic system
The ultrasonic system is shown in Fig. 5 . Throughtransmission measurements were employed, as the attenuation was too high to make pulse-echo measurements. 
Delay
The ultrasonic delay within the specimens was measured for each wave listed in Table I tion vector k was at 45 ø to the plane of the plies, the receiver had to be displaced because the anisotropy caused the Poynting vector P to deviate from the propagation vector. The technique used is explained below in subsection D 4.
Density
Density was measured by measuring the dimensions and the mass of the two rectangular parallelepiped blocks A and B. An average was taken.
Velocities and moduli
The phase velocities were calculated as distance divided by time where the distance was the thickness of a specimen along the propagation vector k and the time was the measured delay in the specimen. The moduli were calculated from the velocities and the density by the formulas in Eqs.
(3)- (17) as cross-referenced in Table I . The velocities, moduli, and density are reported in Table III .
Delay at 45 ø to plies
To measure delay with the propagation vector for longitudinal waves at 45 ø to the plies as in block D and E, it was necessary to account for the direction of the Poynting vector P. It was desired to place the receiving transducer at the location corresponding to the arrival of the Poynting vector as shown in Fig. 6 . The deviation of the Poynting vector is toward the ply direction since the velocity is faster along the plies than normal to them. This effect was observed experimentally by noting that the received intensity (observed voltage output of.the transducer) was highest at a location corresponding to the point of arrival of the Poynting vector. To make a quantitative determination of the point to position the receiving transducer, it was necessary to make a calculation• • of the slowness surfaces in the thick composite. It is well known •2 that the Poynting vector P is normal to the tangent to the slowness surface at the point of intersection of the propagation vector k and the slowness surface in the polar plot. As the propagation vectors in question were to be at 45 ø in the 1-3 and 2-3 planes for longitudinal waves, the corresponding sections of the slowness surfaces had to be calculated. However, as the longitudinal velocities to be determined in these directions were needed to calculate c•3 and c23, which, in turn, were needed to calculate the slowness surfaces, it was necessary to enter approximate values of c•3 and c23 into the calculations. For this, c13 and c23 were set equal to (c•)/2pro tern. The larger magnitudes ofccp, c•, and c33 in Table II 
